This study has investigated the effect of continuous intrafetal infusion of PGE, or saline on hormone
concentrations and the length of gestation in sheep. Fetal and maternal vascular catheters were surgically implanted at 112.3 2 1.3 days (n = 101, and the infusions were started at 121 + 1.2 days of gestation (term = 147). Fetuses were infused with either PGE, (n = 5; 2 pg/min for 48 h and then increased to 4 wg/min for the remainder of the experiment) or the vehicle solution (n = 5; sterile isotonic saline) via the fetal carotid artery.
In the PGE,-infused group, fetal and maternal plasma PGE, concentrations increased (P < 0.001) after the change to the higher dose rate (4 pg/min) and remained elevated, fetal plasma immunoreactive ACTH (ir-ACTH) concentrations dramatically increased after the start ofthe infusion being maximal at 11 h before decreasing to match concentrations exhibited by the saline-infused group. Fetal plasma cortisol concentrations increased after the start of the PGE, infusion (P = 0.05) and increased further after the change to the higher dose rate of 4 Fg/min (P < 0.001). Concentrations of PGE,, ir-ACTH, and cortisol in the saline-infused group did not change until labor. Plasma concentrations of PGE, (P < 0.001) and ir-ACTH (P < 0.005) increased on the day of labor in both treatment groups, and fetal cortisol concentrations increased (P < 0.001) in both groups in the last few days before labor. The proportion of low molecular weight ir-ACTH in the plasma of PGE,-infused fetuses was significantly higher than that of saline-infused fetuses (P < 0.001) during the first 15 days of infusion.
In the saline-infused group, the proportion of low molecular weight ir-ACTH increased in the last few days before labour (P = 0.0011, whereas no change was seen in PGE,-infused fetuses at this time. Maternal plasma progesterone concentrations decreased in both groups in the last few days before labor (P < 0.001). Fetuses infused with PGE, delivered at 138.4 + 2.1 days, whereas control fetuses infused with saline delivered at 148.2 -t 0.5 days (P < 0.01). The spontaneous increase in PGE, preceding normal labor may thus play an important role in activation and maturation of the hypothalamicpituitary-adrenal axis in fetal sheep (Endocrinology 137: 2424 (Endocrinology 137: -2431 (Endocrinology 137: , 1996 S PONTANEOUS parturition in the sheep depends on a functionally intact fetal hypothalamo-pituitary-adrenal (HPA) axis (1, 2). Some days before birth, the fetal adrenal cortex increases its activity resulting in increased cortisol concentrations in fetal plasma (3), leading to activation of the parturient mechanism (4, 5). The increase in fetal plasma cortisol concentrations is accompanied by increasing ACTH concentrations (6-ll), but the magnitude of the ACTH increase in most of these studies is modest and seemingly inadequate to explain the relatively much larger increases in cortisol. Nonetheless, it is unusual that ACTH secretion is not curtailed by negative feedback at this time when cortisol concentrations rise so rapidly. The drive to fetal ACTH secretion in late gestation may not be fully explicable by the actions of the hypothalamic releasing factors, CRH, and arginine vasopressin (AVP) as the response of ACTH to both agents diminishes with advancing gestation (12), and neither appears capable of reliably inducing premature parturition when infused into fetal sheep (13) (14) (15) .
Intrafetal infusions of PGE, in sheep have previously been shown to stimulate cortisol (16, 17) and ACTH (18-21) secretion in fetal sheep. The finding that PGE, infusion releases cortisol from the adrenals of hypophysectomised fetuses (17) suggests a dual site of action, at the adrenal as well as the pituitary.
We have also shown that intrafetal infusion of PGE, for short periods (2 h) stimulates the release of both ACTH and cortisol (11, (21) (22) (23) .
We have also shown that such short-term infusions alter the posttranslational processing of POMC to favor the secretion of low molecular weight (LMW) ACTH-containing species. This may be highly significant for our understanding of the increasing sensitivity of the fetal adrenal gland because the ratio of high molecular weight (HMW) to LMW ACTH-containing peptides may be the critical determinant of adrenal responsiveness to ACTH (9, 10, (24) (25) (26) .
Unlike CRH and AVP, the ability of short term PGE, infusions to release ACTH and alter posttranslational processing of POMC do not diminish with advancing gestation (11, 21). Fetal PGE, concentrations increase in late gestation (27) and appear to parallel the increase in cortisol concentrations in late gestation in fetal sheep. We have argued that PGE, may contribute to drive in the fetal HPA axis and that an understanding of its actions may help overcome our inability to account for the preparturient fetal cortisol surge based on current knowledge (22, 23, (28) (29) (30) of Agricultural and Rural Affairs, Bairnsdale, Victoria, Australia) was raised against progesterone-11-u -BSA in sheep. The sensitivity of the assay was 2.88 + 0.41 nM, and the intra-and interassay coefficients of variation were 12% and 10.8%, respectively, as estimated from eight assays required for this study.
Chromatography and assay of ACTH-containing species
One millilter of plasma was thawed and loaded onto a 0.9. X 60-cm gel chromatography column (Sephadex G50 fine; Pharmacia LKB, Uppsala, Sweden) and eluted with 1% formic acid containing 1 mg/ml polypep (Sigma, St. Louis, MO) at a flow rate of 10 ml/h. Fractions (2 ml) were collected into 10 X 75-mm polypropylene tubes, lyophilised, and stored at -20 C. Before assay, the lyophilised fractions were reconstituted in 0.5 ml assay buffer and allowed to stand for at least 2 h at room temperature.
They were then assayed with the ACTH RIA. Data are expressed as the total immunoactivity in these fractions as a percentage of the total immunoactivity in the sample. The technique has recently been described in more detail (21 
Results

Gestational outcome
Fetal arterial pH, PO,, and PCO, of all fetuses were within normal limits throughout the study period. All ewes and fetuses were killed by an overdose of barbiturate (Lethabarb, Arnolds of Reading Pty. Ltd., Boronia, Victoria, Australia) while in active labor as determined by electromyographic activity and confirmed at necropsy. Ewes in the PGE,-infused fetal group went into premature labor at 138.4 t 2.1 days, whereas ewes in the saline-infused fetal group went into labor at 148.2 2 0.5 days. This difference was significant (P < 0.01) as determined by Student's f test. Fetal body weights at autopsy (PGE,-infused, 3.9 + 0.4 kg; saline-infused, 4.4 -t 0.4 kg) and combined adrenal weights (PGE,-infused, 564.8 + 33.3 mg; saline-infused, 616.8 ? 77 mg) of the two groups were not different.
The combined adrenal weights corrected for body weight were also not different (PGE,-infused, 150.6 + 15.5 mg/kg; saline-infused: 141.3 2 11.3 mg/kg).
Hormone concentrations
Fetal ir-ACTH. Fetal plasma ir-ACTH concentrations in the PGE,-infused group showed a robust increase after the start of the infusion, reaching a maximum value at 11 h (-15 min, 113.4 2 31.6 pg/ml; +ll h, 1294.3 + 612.8 pg/ml). These concentrations then decreased within 24 h to match concentrations exhibited by the saline-infused group (Fig. 1) . Ir-ACTH concentrations of the two groups of fetuses were subsequently indistinguishable from each other. On the day of labor, ir-ACTH concentrations in both treatment groups increased from an average of 161 ? 10 pg/ml in the week preceding labor to 346.2 + 50.5 pg/ml during labor (P < 0.005).
Fetnl coutisol. There was a nonsignificant (P = 0.051) tendency for fetal plasma cortisol concentrations in the PGE,-infused group to increase from a mean preinfusion value of 2.39 + 0.41 ng/ ml to 4.95 ? 0.98 ng/ ml during the first 24 h of PGE, infusion. A significant P < 0.001) increase occurred after the change to the higher dose rate of 4 pg/ min (17.4 + 1.69 ng / ml) (Fig. 2) . Plasma cortisol concentrations in the salineinfused group did not change after the start of the infusion although, in the week preceding labor, these concentrations had risen to match those of the PGE,-infused fetuses. Concentrations in both treatment groups increased significantly in the days immediately preceding labor (-3 days, 27.5 + 6 rig/ml; 0 days, 73.7 + 8.9 rig/ml; P < 0.001) (Fig. 3) . The temporal profiles of plasma cortisol in the two groups were statistically indistinguishable in the lead up to labor, although this event occurred 10 days earlier in the PGE,-infused group.
Fetal alzd matevtzal PGE,. Plasma PGE, concentrations of PGE,-and saline-infused fetuses were not different before commencement of the experiment (PGE,-infused, 1.6 ? 0.4 nM; saline-infused, 2.32 ? 0.93 nM). Plasma PGE, concentrations of PGE,-infused fetuses increased significantly (P < 0.001) only after the change to the higher dose rate (4 pg/ min) and subsequently remained elevated in the range 8.9 ? 2.8 to 18.1 ? 8.7 nM. PGE, concentrations in the saline-infused group did not change from preinfusion concentrations until labor. On the day of labor, fetal PGE, concentrations increased significantly in both treatment groups (PGE,-infused, 43.8 2 6.3 nM; saline-infused, 7.5 5 2.8 nM; P < 0.01 us. previous days).
PGE, concentrations in the arterial plasma of ewes bearing PGE,-or saline-infused fetuses followed the same temporal patterns as the corresponding fetal values except that no labor-associated increase was seen. During the period of infusion, mean plasma concentrations of PGE, in ewes with PGE,-infused fetuses ranged from 9.1 ? 3.7 to 15.4 2 5.9 nM, whereas those of ewes with saline-infused fetuses ranged from 3.3 2 1.0 to 5.6 + 2.5 nM.
Matermd progesterone. Maternal plasma progesterone concentrations did not change in either group from the start of infusion but decreased in both treatment groups in the last few days before labor (-3 days, 33.4 + 3.75 nM; 0 days, 16.3 k 3.43 nM; P < 0.001) (Fig. 4) .
Molecular weight profile of ir-ACTH in fetal plasma
For each plasma sample submitted to chromatography, the immunoreactivity eluting in the position of ACTHjm3, standard (LMW peak) was expressed as a percentage of total ir-ACTH recovered from the sample (Fig. 5) . The percentage of ACTH immunoreactivity eluting in the LMW peak was significantly higher (P < 0.01) in PGE, infused fetuses than in the saline-infused group (PGE,, 31.62 ? 3.38%; saline, 9.96 ? 1.08%). There was an increase (P = 0.001) in the percentage of ACTH,-,, in the saline-infused group in the last few days before labor from 10.01 + 0.98% to 24.84 -+ 4.53%. In the PGE, infused group, no further increase was seen at labor beyond the chronically elevated values associated with PGE, infusion.
Discussion
This study shows that chronically administered PGE, can induce premature parturition in the sheep and does so by activating the fetal HPA axis. The maternal progesterone profiles and evolution of uterine electrical activity were also consistent with a physiologically normal induction of labor. No other known secretagogue for ACTH has been shown to reliably induce parturition in this way (13-15). In the only report of premature labor associated with CRF infusion, the maternal progesterone concentrations did not exhibit the normal prepartum fall (13), although the neonates were viable.
The concentrations of PGE, in the aortic plasma of fetuses receiving PGE, at 2 pg/min did not exceed those of fetuses receiving saline infusion. The PGE, was infused into the carotid artery, close to the brachiocephalic trunk, so the concentration of PGE, in the contralateral carotid and cerebral arteries may have greatly exceeded those in the periphery. We have previously shown that 2 h intracarotid and jugular venous infusions of PGE, result in identical ACTH profiles (21). Because the cerebral concentrations of PGE, during jugular venous infusion would have been lower than those resulting from intracarotid administration, this suggests that a maximal response to PGE, would have been achieved in this study with a lower rate of PGE, infusion.
The infusion rate we chose was based on previous studies (14, (16) (17) (18) and were intended to elicit maximum responses. It is surprising that we were unable to demonstrate increased plasma PGE, concentrations during the 2 days of infusion at 2 pglmin, especially so in light of the calculated secretion rate from the placenta into the fetal circulation of 11 2 2 ng/kg*min (36 of such a putative feedback loop may be. The subsequent increase in PGE, infusion rate from 2-4 pg/min was associated with a statistically significant increase in plasma PGE, concentration over the remainder of the infusion. Both PGE,-and saline-infused fetuses exhibited increased plasma PGE, concentrations on the day of labor. Induction of prostaglandin synthase enzymes is known to occur in the last few days of gestation and is believed to be a late event in the sequence of changes culminating in uterine contraction. We think it likely that the final increase in circulating PGE, is a consequence of this process. Whether it plays a causative role in the accompanying increases of ir-ACTH and cortisol is unclear at present. The late changes associated with activation of the myometrium and cervical ripening bear many resemblances to the inflammatory response with the involvement of PGE,, PGF,,, and cytokines such as the interleukins.
Some of these chemical mediators of the inflammatory response are also known to activate the HPA axis (16, 38, 40) , so it is reasonable to propose the existence of multiple positive feedback loops between the fetal HPA axis and the uteroplacental unit in the last day of gestation and the incipient first stage of labor. Whether exogenously infused PGE, directly activates the inflammatory cascade is unknown, but the long period of stable endocrine profiles between the commencement of infusion and the onset of labor suggests that it did not do so in this instance.
The PGE, concentration in maternal plasma showed a similar pattern to that observed in the fetus, with no detectable increase until after the infusion rate was increased to 4 pg / min. Because of this resemblance, it appears possible that a proportion of the PGE, infused into the fetal circulation entered the maternal circulation.
Although the mechanisms and kinetics of PGE, clearance from the maternal circulation are not fully understood, the fact that appreciable concentrations were detectable in arterial blood makes it apparent that not all PGE, can be cleared in a single passage through the maternal pulmonary circulation. In the hours after the commencement of the PGE, infusion, the fetal ir-ACTH concentrations showed the robust increase that has been previously noted in response to short term infusions (19, 21) . Within 24 h, this response had dissipated and the ir-ACTH concentrations in the PGE,-infused and control fetuses were subsequently indistinguishable. During the period of PGE, infusion, the percentage of ACTH-immunoreactive material present as LMW forms was significantly elevated compared to the saline-infused controls. This difference, combined with the marked increase in ir-ACTH during the first 12 h of PGE, infusion, would have resulted in a considerable increase in the absolute concentration of LMW ACTH, which is believed to be the bioactive form (9, 10, 24, 25) . Our finding of a significant difference between the percentages of LMW ACTH in the plasma of PGE-infused and saline-infused fetuses is consistent with our previous finding that 60 min of PGE, infusion at the same rate as was used in the present study was associated with a significant increase in the percentage of LMW ACTH in fetal plasma at the same gestational age (21 grounds to distinguish between these two possibilities, but the return of ir-ACTH to basal values in the presence of continuing stimulation by PGE, suggests that a regulatory mechanism was in operation. The present study does not elucidate the mode of action of PGE, on ir-ACTH secretion. Brooks (19) demonstrated increased concentrations of ACTH in fetal plasma after intracerebroventricular PGE, infusion, suggesting a direct effect of PGE, on hypothalamic centres regulating ACTH secretion. This is consistent with recent reports indicating that hypothalamic PGE, synthesis is involved in triggering ACTH release in the rat (38, 39) and that it acts by stimulating CRF and AVP (40). Brooks and Gibson (41) had previously shown that PGE, potentiated the secretory response to AVP of cultured fetal sheep anterior pituitary cells, suggesting a direct effect of PGE on corticotrophs in addition to the indirect effect via the hypothalamus. A recent report suggests that PGE, positively modulates CRF-induced ACTH secretion in humans although the site of action was not elucidated (42). Because prostaglandins are vasoactive substances, some cardiovascular changes may have been expected on infusion of PGE, at either of the infusion rates used in this study. Data on the cardiovascular effects of similar infusions in fetal sheep indicate no consistent effects on heart rate, blood pressure or blood gas status which would be expected to alter the activity of the fetal HPA axis (16, 20, 43) .
In a previous study (21), the effect of PGE, on the molecular weight profile of ACTH immunoreactive species occurred within 1 h of commencing the infusion. The rapidity of this change argues against it being a transcription-related event. ACTHi-,, is cleaved from its parent molecule POMC by specific prohormone convertase enzymes (44, 45) . Because the alteration in posttranslational processing of POMC that we observed was probably too rapid to allow for induction of gene expression, another mechanism must be sought. One possible explanation is that the prohormone convertases are constitutively expressed in the corticotroph cell and their activities are modulated by another substance of unknown identity. This putative modulator may be linked to increased trophic drive to the corticotrophs because the alteration in POMC processing also occurred in the saline-infused fetuses during the last few days of fetal life when activity in the HPA axis was increasing. The putative modulator may be PGE, itself, although the fact that the alteration in POMC processing occurred in the saline-infused fetuses at a time when plasma PGE, concentrations were not increasing argues against this possibility. Alternatively, another factor such as CRF may have been released in response to PGE, infusion and acted on the prohormone convertases to effect the rapid alteration in POMC processing.
The plasma cortisol concentrations in the PGE,-infused fetuses did not parallel those of ACTH. Cortisol concentrations tended to increase during the initial 2 days of the infusion, but statistical significance was not achieved until the infusion rate was increased to 4 pg/min. Previous studies using 2 pLg/ min infusions of PGE, for 2 h have shown a statistically significant increase in plasma cortisol concentration during the period of the infusion (17, 19, 21) . The failure to replicate this finding in the present study may reflect immaturity of the adrenals in the fetuses used in this study, although a response to PGE, was observed at a similar gestational age in our previous study (21). The discrepancy in cortisol responsiveness between the two studies may be accounted for by a slight difference in gestational age at infusion, with the adrenals of the fetuses involved in this study being less mature (the previous study included animals aged up to 125 days). Exposure of immature fetal adrenals to trophic factors may be expected to cause induction of 17a-hydroxylase and increased ability to secrete cortisol within l-2 days (46). At least two trophic factors may have been acting on the adrenal cortices of the PGE,-infused fetuses: ACTH and PGE, itself (17).
As noted above, the net bioactivity of ACTH in fetal plasma would have been markedly increased during the first 12 h of PGE, infusion when both the ir-ACTH concentration and the proportion of ACTH in LMW forms were increased. Although the plasma ir-ACTH concentration subsequently returned to basal values, the proportion of LMW ACTH remained elevated throughout the remainder of the PGE, infusion. Because the net bioactivity of ACTH in plasma appears to be determined by the balance of LMW-HMW immunoreactive species (9, (24) (25) (26) , the increased proportion of LMW ACTH-containing species throughout the PGE, infusion would favor cortisol production relative to the salineinfused controls. The proportion of LMW ACTH-containing peptides in the plasma of the saline-infused fetuses increased in the 5 days before labor, reaching similar values to those of the PGE,-infused fetuses. Such an increase in LMW ACTH in the immediate prepartum period is consistent with previous reports (9, 24, 47) .
The increase in plasma cortisol concentration that occurred on the third day of PGE, infusion may thus have been a reflection of increased adrenal drive brought about by initial maturation of the steroidogenic pathway, subsequently maintained by increased bioactivity of ACTH. Alternatively, since the increase in cortisol output coincided with the increases in both the PGE, infusion rate and the plasma concentration of PGE,, a direct effect of PGE, on the fetal adrenal cortex may have occurred.
PGE, has been reported to stimulate cortisol secretion in hypophysectomized fetal sheep (17) and in cultured bovine adrenal cells (48). The similarity of the plasma PGE, and cortisol profiles in the PGE,-infused fetuses during the first week of infusion suggests a direct effect of PGE, on adrenal cortisol secretion.
The profiles of ACTH and cortisol in the plasma of the PGE,-infused fetuses and the progesterone profiles of their dams in the days preceding labor were indistinguishable from those of the saline-infused group. These similarities of concentration and temporal profile strongly suggest that, whatever the site of PGE, action, the parturient mechanism was the same in both groups. This, together with the long latency from the commencement of the PGE, infusion to labor, suggests that PGE, acts as a modulator or amplifier of the established processes that control parturition in the fetal sheep. As noted above, likely points of PGE, action are on the trophic drive to the corticotrophs via CRF, the posttranslational processing of POMC, and the maturation of the steroidogenic pathway in the fetal adrenal. The infusion rate of PGE, in the present study was supraphysiological, and further studies in this area should utilize doses calculated to bring about alterations within the physiological range. This may allow a more sophisticated assessment of the significance of the naturally occurring increase in PGE, that has been reported in the fetus and ewe in late gestation (27, 33, 49 
